Introduction
============

The nuclear envelope (NE) is composed of two lipid bilayers, the inner nuclear membrane (INM) and outer nuclear membrane (ONM). The ONM is continuous with the ER membrane, and the INM and ONM are connected to each other at nuclear pores. Between the nuclear pores, the INM and ONM are separated by a uniform space of 30--50 nm, called the perinuclear space (PNS), which is connected to the ER lumen ([@bib9]). How the even spacing of the INM and ONM is established and maintained is poorly understood.

A previous study leads to our central hypothesis that linker of nucleoskeleton and cytoskeleton (LINC) complexes regulate NE architecture ([@bib7]). LINC complexes are formed through the interaction of INM Sad1 and UNC-84 (SUN) proteins and ONM Klarsicht, ANC-1, and Syne homology (KASH) proteins in the PNS ([@bib30]; [@bib7]; [@bib26]; [@bib36]). SUN and KASH proteins form NE bridges to transfer forces generated in the cytoplasm to the nucleoskeleton ([@bib38]). The role of LINC complexes in the spacing of the NE in HeLa cells was tested by disrupting LINC complexes and examining NE ultrastructure. Either siRNA knockdown of *Sun1* and *Sun2* or expression of a dominant-negative SUN construct causes expansion of the PNS and blebbing of the ONM away from the INM ([@bib7]). HeLa and other tissue-culture cells adhered to a tissue-culture dish are, however, under heightened intracellular tension and mechanical strain ([@bib44]), and their nuclei are flattened ([@bib21]). The extent to which SUN-KASH bridges function to regulate NE architecture in the context of an in vivo tissue in a developing organism where most nuclei are close to spherical and subjected to presumably smaller mechanical forces remains unknown.

Here, we test the hypothesis that LINC complexes regulate NE architecture in vivo using *Caenorhabditis elegans* as a model. The SUN protein UNC-84 is expressed in *C. elegans* somatic cells after early embryogenesis, where it functions to move and anchor nuclei to specific intracellular locations ([@bib22]; [@bib17]). The other known SUN protein in *C. elegans*, SUN-1, functions in the germline and the early embryo and is not expressed above detectable levels by immunofluorescence or serial expression of gene analysis ([@bib10]; [@bib29]; [@bib45]). In *unc-84(null)* mutant animals, both somatic KASH proteins UNC-83 and ANC-1 fail to localize to the ONM ([@bib40]; [@bib39]; McGee et al., 2006). Despite a lack of somatic SUN-KASH bridges, *unc-84(null)* animals are viable, enabling us to perform quantitative EM of nuclear architecture in the absence of SUN-KASH bridges. Here, we show that NE spacing in most *unc-84(null)* cells was indistinguishable from wild type, and distortions of the type observed in HeLa cells were limited to body wall muscle nuclei. Furthermore, deleting most of the luminal domain of UNC-84 did not disrupt nuclear migration nor did it reduce the size of the PNS. Our results suggest that although LINC complexes are needed to maintain NE spacing in cells experiencing mechanical stress, they are dispensable otherwise, and they are insufficient to set the distance between the INM and ONM, as has been recently proposed ([@bib37]).

Results and discussion
======================

UNC-84 is not required to maintain even NE spacing in most nuclei
-----------------------------------------------------------------

To test the hypothesis that *unc-84(n369)* animals, which completely lack UNC-84 at the NE ([Fig. 1 A](#fig1){ref-type="fig"}), would display gross defects in NE architecture in a wide variety of *C. elegans* tissues, we performed transmission EM (TEM) to examine NE ultrastructure in wild-type and *unc-84(n369)* embryos and L1 larvae. Wild-type nuclei in premorphogenesis embryos (*n* = 57 nuclei) and L1 larvae (*n* = 50 hypodermal and pharyngeal cells examined, although many unidentifiable other cell types were also examined) displayed even spacing between the INM and ONM of ∼50 nm, as previously shown ([Fig. 1, B and C](#fig1){ref-type="fig"}; [@bib6]). Surprisingly, we found that *unc-84(n369)* nuclei were indistinguishable from wild type in embryos ([Fig. 1 D](#fig1){ref-type="fig"} is a representative image of 49/50 nuclei examined; one had what appeared to be an ER tubule attached to the ONM) and in the hypodermis and pharynx of the larva ([Fig. 1 E](#fig1){ref-type="fig"} is a representative image of 45 nuclei examined). Because UNC-84 is required to recruit KASH proteins to the ONM ([@bib40]; [@bib39]), *unc-84(n369)* nuclei lack SUN and KASH connections between the nucleoskeleton and cytoskeleton. Therefore, either LINC complexes do not function in NE architecture or nuclei in most tissues do not experience forces that disrupt the width of the PNS in the absence of SUN-KASH bridges.

![**Most nuclei in *unc-84(n369)* embryos and larvae display even spacing of the NE.** (A) UD87 (*unc-84(n369)* expressing the full-length UNC-84 rescuing fragment) and *unc-84(n369)* precomma stage embryos were stained with anti--UNC-84 antibodies. DAPI was used to stain nuclei. Bar, 10 µM. (B--E) Thin-section TEM was performed on wild-type (B and C) and *unc-84(n369)* (D and E) comma stage embryos (B and D) and L1 larvae (C \[pharyngeal\] and E \[hypodermal\]). Arrows indicate nuclear pores. Bars, 500 nm.](JCB_201405081_Fig1){#fig1}

Muscle nuclei in *unc-84* mutant animals display extreme NE distortion
----------------------------------------------------------------------

We then focused our observations on larval body wall muscle nuclei, which were inferred to experience higher mechanical strain than other tissues and were therefore more likely to display NE architecture defects. Striated body wall muscles in *C. elegans* are rhomboid-shaped, mononucleated cells. Each cell is stretched along the anterior--posterior axis of the animal, the axis of contraction ([@bib1]). Wild-type muscle nuclei were also greatly elongated along the long axis of the cell ([Fig. 2](#fig2){ref-type="fig"}). Muscle nuclei were therefore predicted to experience the largest mechanical strain at the anterior and posterior ends of the elongated nuclei, although no actual forces were measured in this study.

![**Major NE distortions were observed in *unc-84(n369)* muscle nuclei.** (A--D) Representative thin-section TEM micrographs of L1 larval body wall muscles. (A and B) Wild-type nuclei with normal (A) and slightly distorted (B; arrow shows ∼100-nm separation) nuclear membranes. (C and D) Large distortions were observed at the ends of *unc-84(n369)* nuclei. (E) Quantitation of the maximum PNS at the ends of ≥10 nuclei of each genotype. *unc-84(n369)* nuclei had a significantly larger mean space than wild type (P = 0.0021). The horizontal bars denote the mean values. Bar, 500 nm. (F) Mean frequency of head thrashing for wild-type and *unc-84(n369)* L1 larvae. Error bars are 95% confidence intervals assuming Poisson distribution. (G and H) Blue traces represent the mean motion spectra for wild type and *unc-84(n369)*; shaded regions represent standard deviation of the mean. The asterisk indicates the secondary harmonic peak. a.u., arbitrary unit.](JCB_201405081_Fig2){#fig2}

Most wild-type muscle nuclei displayed even NE spacing around the entire nucleus, including the ends ([Fig. 2 A](#fig2){ref-type="fig"}). Occasionally, the spacing between the INM and ONM widened at the ends of the nuclei ([Fig. 2 B](#fig2){ref-type="fig"} shows the wild-type nucleus with the greatest observed PNS width). This supports the prediction that mechanical strain is greatest at the ends of muscle nuclei. In *unc-84(null)* muscle nuclei, large distortions of the NE were observed at the ends of the nuclei ([Fig. 2, C and D](#fig2){ref-type="fig"}). To quantify the extent of this irregular spacing, the point of widest separation between nuclear membranes (from multiple serial sections) for each body wall muscle nucleus was measured. In wild-type nuclei, the maximum distance between membranes ranged from 46.2 to 106.8 nm, with a mean of 68.1 nm ([Fig. 2 E](#fig2){ref-type="fig"}). In contrast, the maximum separation in *unc-84(null)* muscle nuclei ranged from 56.9 to 519.2 nm, with a mean of 209.4 nm ([Fig. 2 E](#fig2){ref-type="fig"}). (*n* ≥ 10 and P \< 0.01 in an unpaired two-tailed *t* test with Welch's correction between wild-type and *unc-84(n369)* muscle cells). Thus, the *unc-84(n369)* mutant displayed significantly wider NE spacing than wild type.

These data are consistent with the hypothesis that SUN and KASH bridges only play a role in maintaining the even spacing between the INM and ONM in cells under mechanical strain. Many human laminopathies disproportionately affect tissues, including skeletal and cardiac muscle, under high mechanical strain ([@bib46]; [@bib2]). Mutations in both Nesprin-1 and SUN1 have been linked to striated muscle diseases, including Emery--Dreifuss muscular dystrophy and cardiomyopathy ([@bib31]; [@bib47]; [@bib20]). To determine the extent to which *unc-84(n369)* mutants display locomotion defects that might be attributable to muscle defects, we filmed animals thrashing in liquid. L1 larvae were examined to eliminate the effect of neuronal defects caused by the loss of ventral cord neurons in older *unc-84* mutant animals with defects in P cell nuclear migration ([@bib22]). Wild-type larvae thrashed on average at 2.0 ± 0.094 Hz (mean ± 95% confidence interval, *n* = 29), whereas *unc-84(n369)* larvae thrashed at 1.32 ± 0.075 Hz (mean ± 95% confidence interval, *n* = 30), a significant difference (P = 0.0002 in a two-sample Kolmogorov--Smirnov test; [Fig. 2 F](#fig2){ref-type="fig"}). Qualitatively, the wild-type larvae typically thrashed in relatively smooth sinusoidal patterns, whereas the *unc-84(n369)* larvae often twitched and coiled ([Videos 1](http://www.jcb.org/cgi/content/full/jcb.201405081/DC1){#supp1} and [2](http://www.jcb.org/cgi/content/full/jcb.201405081/DC1){#supp2}). To further characterize these differences, we performed spectral analyses of the videos. The mean motion spectrum for wild-type larvae showed a peak centered at 1.6 Hz extending up to 2 Hz, with a secondary peak (possibly a harmonic) at 3.2 Hz, indicating regular sinusoidal motion ([Fig. 2 G](#fig2){ref-type="fig"}). *unc-84(n369)* larvae exhibited a much broader spectrum of frequencies with a lower mean and no significant peaks, indicating more random motion ([Fig. 2 H](#fig2){ref-type="fig"}). These data are consistent with *unc-84(n369)* having a muscular defect potentially caused by the NE architecture defect. However, we cannot eliminate the possibility that this defect is caused by neuronal defects; the PVQ neuron is slightly mispositioned in ∼15% of *unc-84(n369)* L1 larvae ([@bib16]). It would therefore be worthwhile to examine NE architecture in muscle tissues from human Emery--Dreifuss muscular dystrophy patients or mice with defective LINC complexes.

Human KASH and SUN luminal domains can replace *C. elegans* orthologues
-----------------------------------------------------------------------

The luminal domains of SUN proteins consist of the C-terminal SUN domain of ∼175 residues, a putative oligomerization domain next to the SUN domain, and a linker domain that connects the transmembrane domain at the INM to the oligomerization and SUN domains ([@bib37]). Although the SUN domain of UNC-84 is strongly conserved with human SUN1 and SUN2, the linker and oligomerization domains are poorly conserved ([@bib22]; [@bib42]) However, we predicted that the function of linker and predicted oligomerization domains are conserved and that substitution of *C. elegans* KASH and SUN luminal domains with those from humans will still allow LINC complexes to carry out nuclear migration. To test this, we constructed transgenic worms that express chimeric KASH and SUN proteins in which the N-terminal nucleoplasmic/cytoplasmic domains of UNC-84 and UNC-83 were fused to the luminal domains of human SUN1 and Nesprin-4, which were chosen for functional homology ([Fig. 3 A](#fig3){ref-type="fig"}; [@bib22]; [@bib18]; [@bib28]; [@bib33]). Because the luminal domains of KASH proteins are conserved, we predicted that expression of both chimeras should rescue the nuclear migration defect if the linker domain of SUN1 assumes a function sufficiently similar to that of UNC-84. The extent of normal nuclear migration in hyp7 cells was assayed by counting the number of hyp7 nuclei in the dorsal cord of L1 larvae, a readout for failed embryonic nuclear migration events ([@bib11]). Indeed, in *unc-83; unc-84* double mutant animals, the UNC-84/SUN1 and UNC-83/Nesprin-4 KASH chimeric proteins rescued the nuclear migration defect ([Fig. 3 B](#fig3){ref-type="fig"}). Immunostaining confirmed that both chimeric proteins were properly localized to the NE ([Fig. 3, C and C′](#fig3){ref-type="fig"}). *C. elegans* can therefore function as a heterologous system to study the in vivo function of the luminal domains of human KASH and SUN proteins.

![**Human KASH and SUN domains are functional for *C. elegans* hypodermal nuclear migration.** (A) Luminal domains of hSUN1 and Nesprin-4 (checkered shading) were fused to the nucleoplasmic and cytoplasmic domains of *C. elegans* UNC-84 and UNC-83 (solid shading), respectively. A C-terminal GFP was added to UNC-84/hSUN1 constructs. The transmembrane span (TM) is in black. (B) Mean number of dorsal cord nuclei in transgenic L1 larvae. Error bars denote standard deviations. For UNC-84/hSUN1(Δ616--620), three independent transgenic lines were assayed; data from one representative line are shown. (C and C′) Immunofluorescence of transgenic *unc-84; unc*-83 double mutant embryos with anti-GFP and anti--UNC-83 antibodies showed that both chimeric proteins were localized to the NE. (D and D′) Deletion of residues corresponding to 616--620 of the predicted trimerization domain of hSUN1 does not prevent localization of UNC-84/hSUN1 to the NE (D), but UNC-83/hNesprin-4 fails to localize (D′). Arrows indicate hyp7 nuclei that are positive for UNC-83 (C′) or missing UNC-83 (D′). For all images, anterior is left, and dorsal is up. Bar, 10 µm.](JCB_201405081_Fig3){#fig3}

Human SUN2 assembles into a trimer via a noncanonical right-handed trimeric coiled coil in vitro to interact with three KASH peptides. A short, nonconserved region next to the conserved SUN domain is required for SUN2 trimerization in vitro ([@bib36]). We predicted that the human luminal domain of the chimeric UNC-84/SUN1 protein would similarly induce oligomerization in vivo and that oligomerization of the SUN protein is necessary for interaction with KASH domains. To test the necessity of the predicted trimerization domain, we deleted five amino acids (^616^GITEA^620^ in full-length hSUN1) immediately upstream of the SUN domain. The UNC-84/SUN1(Δ616--620) chimera was expressed with the UNC-83/Nesprin-4 KASH chimeric protein in *unc-83; unc-84* double mutant animals. Although the mutant UNC-84/SUN1(Δ616--620) chimera properly localized to the NE ([Fig. 3 D](#fig3){ref-type="fig"}), it failed to recruit the KASH chimera to the ONM ([Fig. 3 D′](#fig3){ref-type="fig"}) and failed to rescue the nuclear migration phenotype of *unc-83; unc-84* mutant animals ([Fig. 3 B](#fig3){ref-type="fig"}). These results are consistent with the model that SUN proteins form oligomers in vivo and that oligomerization of the SUN protein is required for KASH binding and formation of LINC complexes.

Deletion analysis to identify functional domains in the luminal region of UNC-84
--------------------------------------------------------------------------------

Having established that human luminal domains function in the *C. elegans* system, we sought to characterize the function of the predicted oligomerization and linker domains in UNC-84. UNC-84 has a single transmembrane helix at residues 512--532, and the C-terminal half of the protein (residues 533--1,111) resides in the PNS ([@bib42]). We previously showed that UNC-84 lacking the conserved SUN domain localizes to the INM but cannot recruit UNC-83 to the ONM or facilitate nuclear migration in hyp7 cells ([@bib26]). Although coiled-coil prediction algorithms did not identify potential coiled-coil domains in the linker domain (residues 533--936), as in mammalian SUN proteins ([@bib30]; [@bib7]), hydropathy analysis identified multiple regions of increased hydrophobicity, suggesting that the linker domain may assume some form of helical secondary structure.

To determine the regions of the luminal domain of UNC-84 required for function, we expressed a series of UNC-84 luminal deletions in *unc-84(n369)*--null animals ([Fig. 4](#fig4){ref-type="fig"}). We first tested the extent to which the region of UNC-84 just before the SUN domain was required for nuclear migration. We found that *unc-84(Δ861--919)* and *unc-84(Δ915--930)* failed to rescue nuclear migration ([Fig. 4 A](#fig4){ref-type="fig"}). Both constructs were expressed and localized to the NE but failed to recruit UNC-83 ([Fig. 4, B and C](#fig4){ref-type="fig"}). These data suggest that UNC-84(Δ861--919) and UNC-84(Δ915--930) are unable to interact with UNC-83, despite having intact SUN domains. Although most smaller deletions within residues 861--919 were functional, we observed only very slight rescue by *unc-84(Δ915--919)*. This result agrees with our data showing that a deletion of five amino acids near the SUN domain of the UNC-84/hSUN1 protein chimera ([Fig. 3, B and D](#fig3){ref-type="fig"}) also fails to rescue nuclear migration as well as with in vitro data showing that the region next to the conserved SUN domain functions in trimerization ([@bib36]). We next focused on the residues between the transmembrane span and the trimerization domain. Surprisingly, UNC-84(Δ556--861), a deletion of 306 amino acids of the luminal domain of UNC-84, was able to recruit UNC-83 to the ONM ([Fig. 4 D](#fig4){ref-type="fig"}) and to completely rescue the *unc-84(n369)* nuclear migration defect. We therefore concluded that most of the luminal domain of UNC-84 is dispensable for function, but trimerization, or some form of oligomerization, of SUN proteins is functionally important in vivo during nuclear migration.

![**Deletion analysis of the UNC-84 luminal domain.** (A) Schematics of the UNC-84 luminal domain deletions are presented along with the mean number of dorsal cord nuclei observed in L1 larva. Data for one representative line are shown for all deletions except *unc-84(Δ861--894)* and *unc-84(Δ915--919)*, both of which displayed varying means in three independent lines. Error bars denote standard deviations. (B--D) Transgenic *unc-84(n369)* mutant embryos expressing UNC-84 luminal domain deletion constructs were stained with anti--UNC-84 (left) and anti--UNC-83 (right) antibodies. *unc-84(Δ556--861)* retained the ability to recruit UNC-83 to the NE (D; arrows). For all images, anterior is left, and dorsal is up. Bar, 10 µm.](JCB_201405081_Fig4){#fig4}

Shortening SUN proteins had no effect on NE spacing
---------------------------------------------------

We predicted that the function of UNC-84(Δ556--861) would require a shrinking of the PNS to allow its interaction with KASH proteins in the ONM. To test this hypothesis, we performed TEM on *unc-84(n369)*--null animals expressing the UNC-84(Δ556--861) rescue fragment from an integrated site in the genome. NE ultrastructure was examined in multiple *C. elegans* embryonic and L1 tissues. Although we did not observe NE distortions in the *unc-84(null)* embryos ([Fig. 1](#fig1){ref-type="fig"}), we hypothesized that if the length of UNC-84 defines the PNS, a noticeable narrowing of the space surrounding nuclei would be observed in UNC-84(Δ556--861) embryos. However, the PNS width in UNC-84(Δ556--861) embryonic nuclei appeared comparable to that in wild-type embryos (*n* = 47; [Fig. 5 A](#fig5){ref-type="fig"}). To better quantify our data, we focused on the ends of L1 body wall muscle nuclei as in [Fig. 2](#fig2){ref-type="fig"}. Most muscle nuclei had normal NE spacing ([Fig. 5 B](#fig5){ref-type="fig"}), whereas one displayed a wider PNS similar to the *unc-84(n369)* mutant ([Fig. 5 C](#fig5){ref-type="fig"}). In this nucleus, we suspect that LINC complexes were either absent or may have been severed.

![**Nuclei in *unc-84(Δ556--861)* embryos and larva do not display narrower NE spacing than wild type.** (A--C) TEM performed on *unc-84(n369)* transgenic nuclei expressing *unc-84(Δ556--861)* revealed that NE spacing in embryos (A) and muscle nuclei (B and C) were indistinguishable from wild type. Bars, 500 nm. (D) Quantitation of the maximum nuclear membrane distance confirmed that PNS widths in *unc-84(Δ556--861)* muscle cells were not significantly different than wild type (P = 0.2785). The horizontal bars denote the mean values.](JCB_201405081_Fig5){#fig5}

Quantification of the PNS distance in UNC-84(Δ556--861) nuclei confirmed that NE spacing was not narrower than that of wild type. The maximum separation ranged from 44.9 to 271.5 nm, with a mean of 91.3 nm. When compared with wild type, a two--tailed unpaired *t* test with Welch's correction gave a P = 0.28, indicating that the difference between the two strains is not significant. These results suggest that despite its shorter size, UNC-84(Δ556--861) is capable of maintaining the normal distance between the INM and ONM.

There are two possibilities for how UNC-84(Δ556--861) might recruit UNC-83 and function in nuclear migration without observably narrowing the PNS. First, it is possible that UNC-84(Δ556--861) causes PNS shrinking only in discrete locations. It is not known how many UNC-84/UNC-83 bridges are required for nuclear migration. Perhaps only a few per nucleus are required, too few to resolve with our high pressure freezing conditions. Alternatively, the remaining residues in the linker domain of the UNC-84(Δ556--861) mutant could be fully extended. Approximately 60 residues remain between the transmembrane span and the oligomerization domain in the UNC-84(Δ556--861) mutant. A fully extended peptide is predicted to be 3.8 Å per residue. A fully extended peptide could hypothetically extend 20--25 nm. The two lipid bilayers (5 nm each) and the globular SUN domain (4 nm; [@bib36]) may add an additional 14 nm. Thus, the fully extended linker, SUN domain, and nuclear membranes could account for the observed distances in body wall muscle nuclei ([Fig. 5 D](#fig5){ref-type="fig"}). Nonetheless, the data presented here suggest that LINC complexes do not function to dictate the width of the PNS.

If not LINC complexes, what sets the even spacing of the PNS between nuclear pore complexes? We propose that the spacing of nuclear membranes is an inherent property of rough ER membranes. It is reasonable to predict that membranes associated with heterochromatin (the INM) or polyribosomes (the ONM and the rough ER) have external pressures to remain flat ([@bib32]). These forces would prevent blebbing between the INM and ONM in all nuclei except those under extreme mechanical strain, such as adherent tissue-culture cells or *C. elegans* body wall muscle cells. The best candidate to maintain the flat and even spacing in ER sheets is Climp63, a transmembrane protein in the ER with luminal, coiled-coil domains. However, siRNA knockdown of Climp63 did not cause ER sheets to bleb. Instead, Climp63 siRNA--treated ER sheets remain flat and actually become narrower than wild-type ER sheets, approximately the width of the NE in normal cells ([@bib35]). We therefore propose that ER sheets lacking Climp63 collapse to a thinner sheet that is dictated by inherent properties of rough ER membranes. Our data are consistent with this model; the LINC complex is dispensable for NE morphology in most cells. In our model, SUN proteins have evolved to reach across the PNS, rather than to dictate the width of the PNS.

Materials and methods
=====================

*C. elegans* strains, maintenance, and phenotypic characterization
------------------------------------------------------------------

*C. elegans* were cultured on nematode growth medium plates seeded with OP50 bacteria and maintained at 15°C. The N2 strain was used for wild-type controls ([@bib3]). The null alleles *unc-83(e1408)* (W904Stop) and *unc-84(n369)* (W88Stop) were previously described ([@bib15]; [@bib22]; [@bib40]). Some strains were provided by the Caenorhabditis Genetics Center, which is supported by the National Institutes of Health National Center for Research Resources.

Transgenic lines were created ([Table S1](http://www.jcb.org/cgi/content/full/jcb.201405081/DC1){#supp3}) using standard DNA microinjection techniques using 2--4 ng/µl of the construct of interest and 100 ng/µl of the injection marker construct (either the full-length translational *sur-5::GFP* fusion construct or the transcriptional *p~odr-1~::GFP* construct; [@bib27]; [@bib13]; [@bib19]). Chimeric SUN and KASH proteins were expressed together in *unc-83(e1408); unc-84(n369)* double mutant animals. Deletion analysis of UNC-84 was performed by expressing truncated UNC-84 constructs in the *unc-84(n369)* background. UD87, expressing the full-length UNC-84 rescue construct, was used as a positive control ([@bib26]; [@bib5]). Integration of the *unc-84(556--861)* extrachromosomal array was performed by γ irradiation of L4 animals with a ^137^cesium source (University of California, Davis Center for Health and the Environment) and selection for 100% of F3 progeny expressing the injection marker ([@bib8]) to make the strain UD177, *n369 ycIs13\[unc-84(Δ556--861); sur-5::gfp\]*.

Hyp7 nuclear migration was assayed by counting dorsal cord nuclei of L1 larvae in M9 buffer with 1 mM tetramisole (MP Biomedicals) at room temperature using differential interference contrast (DIC) microscopy with a HCX Plan Apochromat 63×, 1.40 NA objective on a compound microscope (DM6000; Leica) with AF6000 software (Leica) as previously described ([@bib28]). At least 15 animals were scored for each genotype. Failure to rescue the null phenotype of *unc-84(n369)* or *unc-83(e1408); unc-84(n369)* was confirmed in three independent transgenic lines for each construct. All counts were performed blind, i.e., dorsal nuclei were counted by DIC before identifying each animal as transgenic or nontransgenic by fluorescence.

UNC-83 and UNC-84 mutant transgenic constructs
----------------------------------------------

To create pSL549, which encodes the UNC-84/hSUN1 chimeric protein, a PCR fragment containing the luminal domain of hSUN1 was amplified from cDNA KIAA0810 ([@bib41]) and subcloned into pSL226, which contains 2.2 kb of endogenous UNC-84 promoter sequence, followed by genomic sequence encoding the nucleoplasmic domain (residues 1--535) fused in frame to GFP ([@bib42]). The hSUN1 PCR fragment was then inserted between the transmembrane domain of UNC-84 and the C-terminal GFP tag. pSL577, the UNC-84/hSUN1(Δ616--620) construct, was made using PCR splicing by overlap extension ([@bib14]). The fusion PCR fragment containing the deletion was cloned into a TOPO vector (Life Technologies) and subcloned into pSL549. To construct pSL567, encoding the UNC-83/Nesprin-4 chimeric protein, the transmembrane and KASH domains of Nesprin-4 were amplified from cDNA C19orf46 (OriGene) and introduced into pSL61, a version of the UNC-83--rescuing construct pDS22 ([@bib40]), in which the transmembrane and KASH domains of UNC-83 were deleted and replaced with a NotI site. UNC-84 deletion alleles were introduced into the UNC-84--rescuing construct pSL38 ([@bib26]) by PCR splicing by overlap extension as described for pSL577 or one-step isothermal DNA assembly ([@bib12]).

Antibodies and immunofluorescence of *C. elegans* embryos
---------------------------------------------------------

For localization of UNC-84 in embryos, a new monoclonal antibody against the N terminus of UNC-84 (synthetic peptide ^5^TEADNNFDTHEWKSE^19^) was raised in BALB/c mice. Mice were injected with a keyhole limpet hemocyanin--conjugated peptide, and splenocytes from one mouse were used to generate hybridomas by standard procedures ([@bib43]). Screening by ELISA against BSA-conjugated peptide resulted in identification of three clones (L72/1, L72/6, and L72/13) that were also positive by immunofluorescence labeling of *C. elegans* embryos. All three clones were subcloned by limiting dilution. For further experiments, tissue-culture supernatants from clone L72/6 (isotype IgM) were used at a 1:100 dilution in PBS with 0.1% Triton X-100 for immunostaining. A tissue-culture supernatant for mouse monoclonal anti--UNC-83 line 1209D7D5 ([@bib40]) was used undiluted. Rabbit polyclonal antibody NB600-308 against GFP (Novus Biologicals) was diluted 1:200 in UNC-83 antiserum for simultaneous staining of KASH and SUN chimeric proteins. Secondary antibodies used were as follows: Cy3-conjugated goat anti--mouse IgG diluted 1:200 (Jackson ImmunoResearch Laboratories, Inc.) and Alexa Fluor antibodies 555 goat anti--mouse IgM, 488 goat anti--rabbit IgG, and 594 goat anti--mouse IgG diluted 1:500 (Life Technologies). DNA was stained with 1 µg/ml DAPI for 10 min.

To visualize UNC-83 and UNC-84, *C. elegans* embryos were extruded from gravid hermaphrodites and fixed as previously described ([@bib40]; [@bib26]; [@bib11]). For both UNC-83 and UNC-84 staining, embryos were fixed in −20°C methanol for 10 min. Embryos were then stained with undiluted mouse monoclonal UNC-83 antiserum or 1:100 diluted mouse UNC-84 antibody as described in the previous paragraph. Fixed and stained embryos were mounted in 90% glycerol and 10% PBS with 1% DABCO (Sigma Aldrich) and imaged at room temperature. Images were captured with a HCX Plan Apochromat 63, 1.40 NA objective on a compound microscope (DM6000) with AF6000 software. Images were uniformly enhanced using the background subtraction and brightness/contrast commands in ImageJ (National Institutes of Health; [@bib34]).

Locomotion assays of L1 larvae
------------------------------

L1 larvae were imaged in 10 µl of M9 buffer ([@bib3]) at room temperature on a microscope slide without a coverslip with a HC Plan Apochromat 10×, 0.4 NA objective on a compound microscope (DM6000) with a camera (LDFC350FX; Leica) at a frame rate of 16.2 frames per second (fps) for 30 s. Head thrashes were counted manually from playback of each video, with one head thrash defined as a complete change in direction from the starting point of the head. Animals were assayed blind, in that the strain identity was hidden both at the time of capture and at the time of counting.

For motion spectrum analysis, each video was cropped to 253 × 253 pixels to center on the animal, which was located using the maximum intensity pixel in each frame. To prevent introduction of high frequency noise, a Gaussian window function with a standard deviation of 3.0 time steps was used to smooth the center location frame to frame. Each frame was flat field corrected to reduce the effect of uneven illumination from the light source. To isolate the locomotion signal for our analysis, we used a covariance principle component decomposition similar to [@bib4] with modifications. We transformed each processed video from an N~x~ by N~y~ by N~time~ data cube into an N~pixel~ by N~time~ matrix. Each row of the matrix was Fourier transformed and used to generate a power spectrum (in arbitrary units) for each pixel. This gives an N~pixel~ by N~freq~ matrix (in which N~freq~ = N~time~ = 500) with which we constructed the frequency-wise covariance matrix that was then decomposed into its principal components. The first 10 principal components were used to characterize the motion of each animal. We calculated the scalar product between each pixel's spectrum and each of the first 10 principal components. We calculated the mean and variance of these scalar products and used them, along with the principal components, to construct a mean spectrum and its variance for each video. We summed the mean spectra of all videos for each strain and likewise computed the combined variance at each frequency. For clarity, we renormalized the mean combined spectrum for each strain. All analysis was performed in Python using Canopy version 1.4 (Enthought).

EM of *C. elegans* embryos and larvae
-------------------------------------

TEM of high pressure frozen *C. elegans* embryos and L1 larvae was performed using previously described techniques ([@bib23], [@bib24]; [@bib25]) In brief, worms were frozen in 50-µm-deep specimen carriers in a high pressure freezer (HPM 010; Bal-Tec), freeze substituted in 1% osmium tetroxide plus 0.1% uranyl acetate in acetone over 2.5 h ([@bib25]), and embedded in Epon-Araldite resin over a period of 2.5 h ([@bib24]). 70-nm-thick serial sections were picked up on slot grids, poststained with uranyl acetate and lead citrate, and imaged either in a transmission electron microscope (Tecnai 12; FEI) operating at 120 kV with a charge-coupled device camera (Gatan UltraScan; University of California, Berkeley Electron Microscope Laboratory) or with a 2,048 × 2,048 charge-coupled device camera (Tietz F214; TVIPS) on a microscope (JEM 1230; JEOL) operating at 100 kV (University of California, Davis Electron Imaging Facility). Measurements of NE spacing were taken by counting pixels with the ruler tool in Photoshop (Adobe) and converting to nanometers using calibrated nanometer/pixel ratios. At least 10 muscle nuclei were observed for each genotype, and at least five serial sections were measured per nucleus.
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Table S1 lists the transgenic strains generated for this study. Video 1 shows a representative DIC video of one wild-type L1 larva thrashing with regular rhythm in M9 buffer for 30 s, as in [Fig. 2 G](#fig2){ref-type="fig"}. Video 2 shows a representative DIC video of one *unc-84(n369)* larva thrashing with twitches and coils in M9 buffer for 30 s as in [Fig. 2 H](#fig2){ref-type="fig"}. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201405081/DC1>.
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